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Abstract. In this paper, we present model simulations of
the Mid-latitude Summer Nighttime Anomaly (MSNA) in
the Northern Hemisphere, which is characterized by noon-
time dip and evening maximum in the diurnal variation of
the ionospheric density. The simulations are carried out us-
ing SUPIM (Shefﬁeld University Plasmasphere Ionosphere
Model) for solar minimum at 135◦ E longitude where MSNA
is most pronounced in the Northern Hemisphere. The simu-
lations are used to understand the relative importance of elec-
tric ﬁelds, and zonal and meridional winds in the formation
of MSNA. The wind velocities measured by the Middle and
Upper atmosphere radar (MU radar) and those obtained from
the horizontal wind model (HWM93) are used. The results
show that the formation of MSNA is closely related to the
diurnal variation of the neutral winds with little contribution
from the changes in the electric ﬁelds. The observed features
of MSNA are better reproduced when MU radar winds are
used as model input rather than HWM winds.
Keywords. Ionosphere (Mid-latitude ionosphere; Modeling
and forecasting)
1 Introduction
It has long been realized that the diurnal variation of the mid-
latitude night time density often departs from a simple solar
controlled behavior. A classic example of this is the Wed-
dell Sea Anomaly (WSA), which occurs during the southern
hemispheric summer period (e.g., Bellchambers and Piggott,
1958; Horvath and Essex, 2000, 2003; Horvath, 2006; Jee
et al., 2009; Lin et al., 2009). The WSA is characterized by
a reversal of the normal diurnal cycle, with electron density
maximizing between 22:00LT and local midnight, and the
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diurnal minimum occurring near local noon. Recently, sim-
ilar feature has been observed in the northern mid-latitudes
during local summer (Lin et al., 2009, 2010; Thampi et al.,
2009; Horvath and Lovell, 2009; Liu et al., 2010). The term
Mid-latitude Summer Nighttime Anomaly (MSNA) is now
being used to describe the anomalous electron density pat-
terns in both Northern and Southern Hemispheres (Thampi
et al., 2009; Lin et al., 2010). It must be mentioned here that
the MSNA is different from winter nighttime enhancements
(Evans, 1965; Titheridge, 1968; Davies et al., 1979; Balan
and Rao, 1987; Luan et al., 2008), and northern hemispheric
summer nighttime enhancements reported by Balan and Bai-
ley (1992) and Balan et al. (1994) since the latter ones appear
as a secondary maximum in electron density, both in the pre-
midnight and post-midnight hours.
Based on the local time variations of ionospheric peak
height and calculations of the effective neutral wind veloc-
ity, it has been suggested that the neutral wind in the geo-
magnetic frame could be the main driver of MSNA (He et
al., 2009; Liu et al., 2010). However, it was also suggested
thattheﬁeld-alignedplasmaﬂowfromtheprotonospherecan
cause mid-latitude nighttime density enhancements (Bailey
et al., 1991; Liu et al., 2010). The cross-L compression of the
ionosphere, causedbytheionosphericwestwardelectricﬁeld
(reversefountainatlow-latitudes)isalsoidentiﬁedasafactor
that can accelerate the downward plasma ﬂow, causing en-
hancementsinthe mid-latitudes(Davieset al., 1979; Horvath
and Lovell, 2009). In contrast, Lin et al. (2010) have sug-
gested that an enhanced eastward electric ﬁeld at the equator
(enhanced fountain) around 18:00LT–20:00LT is a neces-
saryconditionalongwiththepresenceofequatorwardwinds,
for the formation of MSNA both in the Northern and South-
ern Hemispheres. In this context, the present paper reports
observations of the Northern Hemispheric MSNA along with
model simulations using Shefﬁeld University Plasmasphere
Ionosphere Model (SUPIM). The MSNA in the Northern
Hemisphere is most pronounced from ∼110◦ E up to the
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Fig. 1. Local time variation of Nmax at various latitudes during July
2008, obtained from F3/C measurements corresponding to 135◦ E
longitude.
Paciﬁc Northeast (around Japan and Sea of Okhotsk) region,
i.e., ∼170◦ E (Lin et al., 2009; Liu et al., 2010; Horvath
and Lovell, 2009). Hence, we choose the Japanese longi-
tude (135◦ E) for the simulations of the MSNA, where we
had tomographic observations as well (Thampi et al., 2009).
The uniqueness of these simulations is that we incorporated
the neutral wind velocities for solar minimum conditions
observed by the Middle and Upper atmosphere radar (MU
radar, 34.85◦ N, 136.1◦ E) located near the peak longitude
of MSNA (Kawamura et al., 2000). Section 2 summarizes
the observed characteristics of MSNA, and the SUPIM sim-
ulations are presented in Sect. 3. Section 4 contains a brief
discussion of the generation mechanism of MSNA.
2 Observations
First, we present few observations of MSNA using
the radio occultation (RO) measurements by the FOR-
MOSAT3/COSMIC (F3/C) satellites. The data are obtained
from the standard inversion routine by the COSMIC Data
Analysis and Archival Center (CDAAC). In the CDAAC
ionospheric inversion, an assumption of straight-line prop-
agation of the GPS signal through the ionosphere by neglect-
ing the bending angle is made. The total electron content
(TEC) along the ray paths between GPS satellite and F3/C
are converted to a vertical electron density proﬁle using the
Abel transform with an analytical solution to avoid the sin-
gularities at the top and lower limits (for details see, Hajj
et al., 2000; Syndergaard et al., 2006; Anthes et al., 2008,
and references therein). Figure 1 shows the local time varia-
tion of maximum electron density (Nmax) at 135◦ E longitude
sector during July 2008, corresponding to 35◦ N to 55◦ N ge-
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Fig. 2. Local time variation of electron densotity at various al-
titudes, at (45◦ N, 135◦ E) during July 2008, obtained from F3/C
measurements.
ographic latitudes. It can be seen that at 35◦ N, the diurnal
maximum of electron density appears to be around 18:00LT.
At 40◦ N, this happens at around 19:30LT, whereas at 45◦ N,
the diurnal maximum appears close to 20:30LT. At 50◦ N
and55◦ N,thisoccursat21:00LT.TheMSNAismostclearly
seen at latitudes 45–50◦ N. Another important feature which
is to be noticed in this ﬁgure is that from 06:00LT–20:00LT,
the electron density at 35◦ N is the highest, and it decreases
with latitude to reach a minimum at 55◦ N. This trend re-
verses at around 20:00LT, and from 20:00LT to midnight,
the electron density is less at 35◦ N and gradually increases
with latitude. This trend persists in the post-midnight hours
also with lesser latitudinal gradients. This feature is a con-
sequence of the phase reversal of the diurnal cycle (MSNA),
because the nighttime enhancement causes the density to re-
main higher in the mid-latitudes than that at the low-latitude
region, resulting in the reversal of the latitudinal gradients.
Figure 2 shows the local time variation of electron density at
different altitudes, corresponding to 45◦ N latitude (35.7◦ N
magnetic), in the same longitude sector. The nighttime max-
imum in the electron density is clearly seen at 300, 350, 400
and 450km, with its amplitude decreasing with increasing
altitude. The “noon-time dip” in the electron density is also
very clearly seen especially at 300 and 350km altitudes.
In Fig. 2 we show the electron density from radio occul-
tation (RO) measurements at altitudes from 300km upwards
only because of the errors in the RO measurements of elec-
tron density at lower altitudes (J. Y. Liu et al., 2010). How-
ever, we use the tomographically estimated electron den-
sity proﬁles to see the altitude structure of MSNA. Figure 3
shows the altitude proﬁles at 40◦ N latitude, corresponding
to 14:00LT and 20:00LT obtained on different days along
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Fig. 3. Altitude proﬁles of electron density at 40◦ N, corresponding
to 14:00LT and 20:00LT from tomography. The red curves indicate
mean. The dot shows the maximum electron density.
with their mean proﬁles. These proﬁles are extracted from
the tomographic images obtained from 10 July to 31 Au-
gust, at local time (LT) centered on the 2-h period, and hence
represents the variability within those 2h. The total elec-
tron content (TEC) data for the tomographic reconstruction
are obtained from the GRBR (GNU Radio Beacon Receiver,
GNU is the acronym for GNU is Not Unix) network opera-
tional in Japan (Thampi et al., 2009; Thampi and Yamamoto,
2010). Two aspects of MSNA are clearly seen in this ﬁgure:
(1) MSNA is absent at lower altitudes (for instance at 200km
and 225km); the density at these low altitudes are greater
at 14:00LT than at 20:00LT, and (2) MSNA is a feature
that exists at altitudes near and above the ionospheric peak
(very prominently at altitudes of ∼275–450km), and less so
at higher altitudes. This corroborates with the earlier obser-
vations of Weddell Sea anomaly (WSA) and MSNA (Lin et
al., 2009, 2010). It is also clear that the hmF2 changes from
225km at 14:00LT to 275km at 20:00LT. Such a height
change can be due to the equatorward winds operating at
night. In fact, the wind can affect the movement of the iono-
sphere as a whole as explained by Liu et al. (2010). If con-
sidering a ﬁxed altitude (e.g., 300km), one can see that this
region is away from hmF2 during daytime, while at night, the
entire ionosphere moves upwards which makes 300km more
close to hmF2 due to the equatorward winds. Consequently,
the plasma density at 300km will increase at night compared
to daytime. This aspect could be uniquely observed because
we obtain the altitude proﬁles using tomography. The other
factor is that at night, the lifting of ionosphere to higher
heights where the recombination rates are less enables the
plasma to live longer. These aspects of MSNA indicate the
importance of equatorward neutral winds in the formation of
MSNA; the mechanism is similar to the equatorward wind
producing positive ionospheric storms (Balan et al., 2009).
Figure 4 shows the average latitudinal distribution of elec-
tron densities at 300km from 16:00LT to 22:00LT obtained
from tomography. Along with this, the latitudinal distribu-
tion of electron density at 300km obtained from F3/C oc-
cultation measurements (18:00LT and 22:00LT), at 240◦ E
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Fig.4. Latitudinalvariationofelectrondensityat300km, fordiffer-
ent LTs, obtained from tomography. The F3/C observations of the
latitudinal variation of electron density at 300km, along the 240◦ E
sector are also shown.
longitude in July 2008 is also plotted. As discussed ear-
lier, the tomographic observations show a southward gradi-
ent at 16:00LT, corresponding to the EIA. This disappears
later, and at 20:00LT, we can see that the densities in the lat-
itudes <33◦ N shows a sharp decrease from the previous val-
ues. Unlike this, in the region >33◦ N, the electron density
at 300km shows a considerable increase. These changes are
signiﬁcant and beyond any possible error in the tomographic
reconstruction. At 22:00LT, the densities up to ∼40◦ show
a decrease, whereas the densities at latitudes >41◦ N remain
more or less the same. The small change seen above >37◦
(from 20:00LT–22:00LT) could be within the errors due to
the inversion procedure and hence considered insigniﬁcant,
whereas for the latitudes from 26–37◦ N, the changes are
signiﬁcant. It has been shown earlier that the density max-
imum actually occurs around 20:00–21:00LT at these lati-
tudes (Thampi et al., 2009; Liu et al., 2010). To examine
whether there is any longitudinal variation for the MSNA
during this period, we have also used the F3/C data corre-
sponding to 240◦ E longitude. This longitude was chosen
because previous observations showed that this region does
not show the MSNA feature (Liu et al., 2010). The latitu-
dinal distribution of electron density at 300km at 18:00LT
and 22:00LT obtained from F3/C radio occultation measure-
ments at 240◦ E longitude are also shown. It can be seen that
the MSNA feature is clearly absent in this longitude sector.
These ﬁgures summarize the important observed character-
istics of MSNA, which agree with the previous observations
(e.g. Lin et al., 2009; Liu et al., 2010).
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Fig. 5. Temporal variation of monthly mean foF2 (top) and h0F
(bottom) from Wakkanai and Kokubunji during July 2008.
Figure 5 shows local time variation of the monthly mean
values of foF2 (top panel) and hmF2 (bottom panel), from
ionosonde observations at Wakkanai (45.4◦ N, 141.7◦ E),
where MSNA is clearly seen and Kokubunji (35.7◦ N,
139.5◦ E, geographic), where MSNA is mostly absent. The
nighttime peak and the noon-time dip in electron density are
seen at Wakkanai, but not at Kokubunji, corroborating the
F3/C observations. An interesting feature that can be noticed
is that, at Wakkanai, the hmF2 shows an increase before the
sunset, and continues to stay at a higher altitude compared
to that at Kokubunji. The diurnal maximum in electron den-
sity occurs after this height enhancement take place. The
ionosonde observations are also indicative of the importance
of wind-induced lifting of the ionosphere for the generation
of MSNA.
3 SUPIM simulations
Thephysics-basedmodelSUPIM(Baileyetal., 1997)isused
for the calculations. The model solves the coupled time-
dependent equations of continuity, momentum, and energy
for the electrons and ions (O+, H+, He+, N+
2 , NO+, and
O+
2 ) along closed eccentric-dipole geomagnetic ﬁeld lines.
For this study, 165 ﬁeld lines with apex altitude distributed
from 150km to 12000km are used, with apex intervals of
10km up to 400km and 25km from 400 to 1000km. The
calculations are for the Japanese longitude (135◦ E) for 20
July 2008, which is a magnetically quiet day (AP=3) under
low solar activity (F10.7=65.9), local summer season. On
this day, MSNA was observed using tomography, in an im-
age obtained at 20:00LT, above ∼35◦ N geographic latitude
(not illustrated).
The electrodynamics is taken care of by using the verti-
cal E×B drift velocities measured by the incoherent scatter
radar at Jicamarca (Fejer et al., 1991). The drift velocities are
used for the ﬁeld lines with apex altitude up to 450km. For
ﬁeld lines with apex altitude >3000km, the drift velocity is
taken to be zero, and linear interpolation is used at interme-
diate apex altitudes as in the earlier simulations (Balan and
Bailey, 1995). For the neutral dynamics, the neutral wind
velocities are obtained from HWM93 model (Hedin et al.,
1994). Theequivalentwindinthemagneticmeridianisgiven
by
Weff =(V cosD±UsinD)cos(I)sin(I) (1)
where U and V are the zonal (positive eastward) and merid-
ional (positive equatorward) winds, I and D are the mag-
netic inclination and declination, respectively and the + and
− signs are for the Southern and Northern Hemispheres
(Titheridge, 1995; Jee et al., 2009; Liu et al., 2010). How-
ever, the wind velocities given by HWM93 could not fully
reproduce the MSNA features. Hence the model simulations
are repeated using the MU radar measured meridional wind
velocities at solar minimum summer conditions (Kawamura
et al., 2000). The model simulations qualitatively repro-
duce the general MSNA features when the MU radar derived
winds are used.
Figure 6a–c shows the model inputs. Figure 6a shows the
two drift patterns used for the simulations. In the ﬁrst set of
simulations, the vertical E×B drift velocities corresponding
to the solar minimum, geomagnetically quiet summer period
(Fejer et al., 1991) is used, which we refer to as “normal”
drift; For estimating the effect of an enhanced drift, the val-
ues in the evening hours (16:00–20:00LT) are modiﬁed, and
this drift pattern is referred to as “modiﬁed drift”. Figure 6b
shows the meridional wind variations used for the simula-
tions. The MU radar derived winds differ from the HWM-93
winds from 18:00LT throughout the night and in the morn-
ing hours; at night the MU radar winds are more equatorward
than the HWM winds. This difference is large from 20:00LT
to 23:00LT, with the difference as high as 100ms−1 around
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Fig. 6. Model inputs. (a) Local time variation of the two drift pat-
terns used for the simulations. (b) Local time variation of MU radar
derived winds and HWM-93 meriodional winds outputs used for
simulations. (c) The local time variation of zonal (U), meridional
(V) and effective winds obtained from the HWM-93 model, corre-
sponding to 38◦ N magnetic latitude.
22:00LT. The model simulations with HWM winds corre-
spondto38◦ Nmagneticlatitude, wherewecanseethemaxi-
mumMSNAdevelopment(Liuetal., 2010). Figure6cshows
the zonal (U), meridional (V) and effective winds obtained
from the HWM-93 model, corresponding to 38◦ N magnetic
latitude. Since the magnetic declination is small, (∼6◦ W),
the contribution of U is insigniﬁcant for the effective wind
at this latitude (see Eq. 1). Hence the variation of effective
wind essentially follows that in V. It was reported that the
effective neutral wind in this magnetic meridian is essentially
equal to meridional neutral wind (Su et al., 1997), since the
magnetic declination is very small. Hence, the incorporation
of the MU radar-derived meridional wind alone is a reason-
able choice to understand the formation of the northern hemi-
spheric MSNA at these longitudes, since the effective wind
variation would be identical to that of the MU wind variation.
Figure 7a–c shows the LT variation of Nmax values ob-
tained from different simulations. These outputs also cor-
respond to 38◦ N magnetic latitude. Figure 7a shows the
outputs with normal drift without any wind input and with
the MU radar wind input. When there is no wind, the elec-
tron density shows a broad maximum from around 10:00–
15:00LT, and then decreases. This decrease becomes faster
after ∼19:00LT when the solar photoionization stops. This
is simple solar controlled behavior, but unrealistic because
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Fig. 7. Local time variation of Nmax values obtained from differ-
ent simulations. These outputs also correspond to 38◦ N magnetic
latitude.
in the actual case the winds play a major role in determin-
ing the diurnal pattern. The diurnal pattern of Nmax changes
drastically, when the MU winds are included. The electron
density shows the “noon time dip” around 12:00–14:00LT.
After 14:00LT, the Nmax starts to increase and maintains the
highest densities up to ∼21:00LT and the decrease after-
wards is also quite slower compared to the “no wind” case.
In the mid-latitude F-region the meridional prevailing winds
are mainly poleward during daytime and equatorward during
nighttime. Su et al. (1997) showed modeling studies of the
effects arising from the wind and drift on the diurnal varia-
tion of the electron density proﬁles using MU radar observa-
tions and concluded that the thermospheric wind is respon-
sible for making the electron density lower at noon than that
at sunset. It must be remembered that the hmF2 values over
mid-latitudes shows a minimum around noon, and the MU
radar winds shows a poleward maximum between 11:00 and
12:00LT. The wind turns equatorward from around 14:00LT
(Fig. 6b) and this is the time when Nmax starts to increase.
The density remains high in the night because of the wind-
induced lifting of the ionosphere where the recombination is
slow, and hence the plasma would be preserved for a longer
time. Hence, we can conclude that the observed MSNA fea-
ture can be reproduced by using a combination of normal
drifts and MU winds.
Figure 7b shows the LT variation Nmax values at 38◦ N
magnetic latitude when “normal drift” and “modiﬁed drift”
are given as inputs along with MU winds. It is seen that the
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density variation remains almost the same in both the cases,
indicating that the electron density at 38◦ N magnetic latitude
is hardly affected by the changes in the upward drift at the
equator. This means that the enhanced densities over this lat-
itude region have no signiﬁcant contribution from the Equa-
torial Ionization Anomaly (EIA) crest. During solar mini-
mum the EIA related densities can extend only less than 20◦
of magnetic equator, and hence this result is very reasonable.
Figure 7c shows the LT variation Nmax values at 38◦ N
magnetic latitude, with normal drift and HWM meridional
wind and effective wind. During noontime, the inclusion of
the zonal wind reduces the “dip”, but the two patterns are
nearly identical in the evening hours. The evening time den-
sities are slightly higher than the noontime values, unlike in
the “no-wind” case, indicating the role of winds in produc-
ing the noon-time dip and maintaining higher densities dur-
ing the evening hours. However, in both cases, the electron
densities start decreasing shortly after 19:00LT, when the so-
lar photoionization stops, even though the decrease is slower
than the “no wind” case. But, the MSNA feature is not well-
reproduced with these wind inputs, indicating that the actual
wind magnitudes required to generate the MSNA are much
higher than that given by the HWM-93.
Figure 8 shows the latitudinal variation of Nmax at 16:00,
18:00, 20:00 and 22:00LT, obtained using MU winds and
normal drift. At 16:00LT, the EIA crests can be seen around
17◦ magnetic latitude. It is also seen that the crest in the
summer hemisphere is stronger than that in the winter hemi-
sphere. This corroborates with the previous observations that
during afternoon hours, the summer EIA crest intensiﬁes and
the winter crest start to diminish (Lin et al, 2007). This
interhemispheric asymmetry of EIA has been studied pre-
viously using model simulations (Balan and Bailey, 1995).
10 12 14 16 18 20 22 24
0
1
2
3
4
5
6
Local time (hrs.)
N
e
 
(
x
 
1
0
5
 
c
m
−
3
)
 
 
250 km
300 km
350 km
400 km
450km
Fig. 9. Local time variation of electron density, at different altitudes
corresponding to 38◦ N magnetic latitude. The simulations are done
using normal drift and MU winds.
The crests move closer to the equator and further diminish
in intensity as the time progresses. The electron density at
16:00LT is higher than the later hours, and the decrease in
density is gradual with time, in the entire winter hemisphere,
and upto ∼23◦ N magnetic latitude. Beyond this, in the
Northern Hemisphere, the evening time densities exceed that
at 16:00LT, and beyond 28◦ N magnetic latitude , the densi-
ties at 18:00LT and 20:00LT are higher than that at 16:00LT.
This corresponds to the MSNA feature. An interesting fac-
tor which is to be noted here is that, in the Southern (winter)
Hemisphere, the decrease in electron density from 16:00LT
to 18:00LT and from 18:00LT to 20:00LT are quite signiﬁ-
cant, and there is no nighttime enhancement. The latitudinal
variation of electron density using in situ observations using
the Langmuir probe on board CHAMP satellite also showed
similar features (Thampi et al., 2009; Liu et al., 2010). If
the MSNA feature were due to the cross-L compression of
the plasmasphere, and the resultant downward acceleration
of thermal plasma along the contracting ﬂux tubes, the en-
hancements would have appeared at both hemispheres simul-
taneously. The fact that the changes in the E×B drift does
not produce any signiﬁcant increase/decrease of MSNA, and
the absence of MSNA feature in the Southern (winter) Hemi-
sphere enables us to conclude that the cross-L compression
of the plasmasphere may not be a major factor in the gener-
ating MSNA.
Figure 9 shows the LT variation of electron density, at
different altitudes, corresponding to 38◦ N magnetic lati-
tude. It is seen that MSNA is absent at 250km, the den-
sity being highest 16:00LT–18:00LT, and decreases after-
wards. At 300km and above the MSNA feature is seen, with
a broad density maximum from 16:30LT–20:00LT, and a
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clear “noontime dip”. This is more or less similar to the Nmax
variation, becausemodelresolutionis50km, andintheafter-
noon and evening hours the peak occurs at 300km. MSNA
is a feature that exists more clearly at 350 and 400km, and to
a lesser extent (in terms of noon-night difference) at 450km.
This agrees fairly well with the F3/C observations (Fig. 2)
and previous observations of Weddell Sea anomaly (WSA)
and MSNA (Lin et al., 2009). However, the simulated densi-
ties show a minimum around 23:00LT and then tend to show
a small increase. This is not observed, and seems to be due to
not including the altitude variation of the wind velocities in
the model calculations; MU radar observations give only alti-
tude averaged wind patterns (Kawamura et al., 2000). At this
point, we think this feature is unrealistic. The change in the
peak height from 250 to 300km at 14:00LT in the simula-
tion output is reasonable because the meridional winds turn
equatorward around 13:00LT, and we can expect a height
rise of the ionosphere due to these winds. The monthly mean
values from Wakkanai shows a height rise from 14:00LT,
with a gradual increase in the base-height of the F-layer from
210km at 14:00LT to 240km at 18:00LT. Apart from these
two differences, MSNA is captured well in the appropriate
altitudes, and qualitatively agree well with the observations.
4 Discussion
The most important mechanism suggested for the forma-
tion of MSNA is the neutral wind effect in the geomagnetic
frame. Comparing the electron density at the MSNA region
at 16:00–18:00LT with that at 20:00LT (Fig. 4), it can be
seen that there is an additional accumulation of ionization
at the same altitude at latitudes >∼35◦ N, which begins af-
ter 16:00LT (when solar photoionization is still present). It
is noted that sunset at the F-region occurs around 18:50–
19:00LT at 40◦ N. Hence, densities at this region in the im-
age corresponding to 20:00LT correspond to the time close
to and after the F-region sunset, which can be understood as
a consequence of the wind-induced lifting of the ionosphere.
The magnitude of the winds and the magnetic inclination
and declination angles are the factors affecting the amount
of plasma in the nighttime mid-latitude F-region (Rastogi,
1960; Jee et al., 2009).
The evening enhancement in the NmF2 during summer
months was explained by Rishbeth (1966, 1967) on the ba-
sis of the later occurrence of local sunset and equatorward
winds. It was explained that if the equatorward wind – in-
duced uplift of the plasma occur before solar photoioniza-
tion ceases, the plasma is lifted to a region where the re-
combination is slow, and as a result, the NmF2 would show
an increase and the plasma would be preserved for a longer
time. Since the magnetic declination angle is small (at MU
radar location, the declination is only 6◦ W), the geographic
meridional winds would be effective in blowing the ioniza-
tion vertically up. Using semi-empirical calculations, it was
shown that at MU radar location, hmF2 moves roughly 1km
per 1ms−1 of meridional wind applied (Oliver et al., 2008).
Recently, He et al. (2009) have discussed the relative im-
portance of various processes in the generation of WSA. It
is reported that the increase in the F-layer height and den-
sity can occur in periods with either enhancing equatorward
winds or weakening poleward winds before the local sun-
set, an increase in NmF2 could be induced. Hence, the in-
crease could be set in as early as 14:00LT, though the equa-
torward wind may appear much later. In the diurnal pattern
of Ne(300km) and NmF2 (Figs. 4 and 5), we can see that
after the diurnal minimum at ∼12:00LT, the densities be-
gan to increase in the afternoon hours, which corroborates
with this explanation. It can be seen that, diurnally the min-
imum value of hmF2 occurs at 11:00–12:00LT, and the en-
hancement in the hmF2 sets in at ∼14:00–16:00LT (Fig. 5).
The maximum of hmF2 is observed around 22:00–24:00LT,
when the maximum equatorward winds are observed (Kawa-
mura et al., 2000). Hence, the hmF2 variation also suggests
that that the increase in the F-layer height can set in with the
weakening of the poleward winds. When we give the MU
radar winds as input to the SUPIM simulations, the MSNA is
reproduced, whereasthemid-latitudeelectrondensitypattern
is seen to be hardly affected by the changes in the eastward
drift at the equator conﬁrming the argument that neutral wind
is the main driver for MSNA. One of the major results of the
simulation is that the zonal electric ﬁeld at the equator has lit-
tle contribution to the formation of the MSNA (Fig. 7b). The
enhanced vertical drift in the evening have little effect on the
electron density at 38◦ N magnetic latitude where the MSNA
maximizes. Thus this simulation disconﬁrms the speculation
by Lin et al. (2010), where the electric ﬁeld was suggested to
be a main factor for MSNA formation.
Using MU radar observations and semi empirical model-
ing, Oliver et al. (2008) have found that the diurnal variation
of hmF2 is driven most importantly by winds, and secondly
by thermal expansion/contraction of the thermosphere. They
also found that the Nmax is proportional to the ratio of the
atomic and molecular densities at the altitude of hmF2 but
this ratio is insensitive to thermal expansion. A decrease in
the [O]/[N2] ratio could decreases the electron density due to
increased recombination. Hence, we can understand that the
effect of thermal expansion comes into play by its inﬂuence
on determining the hmax altitude along with winds, aiding the
formation of MSNA at a particular longitude.
The other important factor which is invoked to explain the
seasonal pattern of MSNA is the fast downward plasma dif-
fusion induced by the thermal contraction of the ionosphere
which can lead to more efﬁcient accumulation of plasma near
and above hmF2 in summer than in winter (Liu et al., 2010).
To check whether the thermal contraction of the ionosphere
has any signiﬁcant longitudinal difference, we compared the
rate of change of electron temperature (Te) with time at these
two longitudes using CHAMP measurements (Fig. 10). It
was found that though the absolute magnitudes of Te are
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Fig. 10. LT variation of rate of change of Te corresponding to
135◦ E and 240◦ E, for 40◦ N latitude, from CHAMP data.
slightly different at these two longitudes (not shown), their
rate of change with time is almost identical (Fig. 10), indi-
cating equal thermal contraction rates at these two sectors.
Hence, this factor does not become crucial to explain the
longitude structure of MSNA, though it may be important
to explain why MSNA does not occur in winter. Thus, the
observations as well as the model simulations clearly show
that the neutral wind in the geomagnetic frame can produce
both the daytime depletion, and the night time enhancement,
and hence generation of MSNA, revealing yet another strik-
ing aspect of the coupled ion-neutral dynamics.
5 Summary
The simulations reveal the following important aspects about
the formation of MSNA:
(1)IntheNorthernHemisphere, thechangeintheevening-
time E ×B drift does not have any signiﬁcant effect in
the density pattern at mid-latitudes, suggesting that the ear-
lier consideration by Lin et al. (2010) is not very effective.
(2) The noon time dip and the evening enhancements are
closely related to the diurnal variation in the thermospheric
meridional winds. The MSNA is not well simulated by using
the averaged model wind. Instead, by using the MU radar
observed wind (i.e., local realistic wind), we could simulate
the MSNA much better. This corroborates with the behav-
ior that the MSNA shows signiﬁcant longitudinal variation,
and is enhanced around the Japanese longitudes. The ob-
servations as well as simulations conﬁrm the importance of
equatorward neutral winds in the formation of MSNA, and
the mechanism is similar to the equatorward wind produc-
ing positive ionospheric storms (Balan et al., 2009). (3) The
HWM-93 wind magnitudes do not realistically represent the
meridional wind magnitudes over Japanese longitudes, and
hence are insufﬁcient to generate the MSNA feature in the
simulations. Assimilation of MU radar winds to the SUPIM
model enables us to qualitatively reproduce all the features
of the MSNA.
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